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ABSTRACT 
Among diseases that cause serious yield reduction on Populus deltoides is leaf rust 
caused by Melampsora medusae. The objectives of this project were to study the pathogenic 
variability of M medusae, the genetic basis of inheritance of M. medusae resistance in a 
family of P. deltoides\ and to identify molecular markers linked to a leaf-rust resistant locus. 
Three pathotypes of M. medusae were identified on the basis of their differential reaction to 
three Populus clones. Pathotypes D-93, F-93. and IL-48 were compatible with clone 1-488 
{P. X euramericana). F-93 and IL-48 were also compatible with clone 57-276 (P. deltoides 
X P. trichocarpa). and IL-48 is compatible with clone 7300501 (P. deltoides). No M 
medusae isolates fi*om central Iowa were compatible with clone 7302801 {P. deltoides). 
Pathotype D-93 was the most abundant in the 1992 and 1993 growing seasons, but it has not 
been prevalent since 1995. In addition, urediospores of D-93 were significantly smaller in 
size than the more virulent pathotypes. .A.n intraspecific cross was made between a rust-
resistant male clone and a susceptible female P deltoides clone. The Fi progenies (n = 207) 
segregated 1; 1 for rust resistance to the 1995-97 rust population in Iowa indicating the role of 
a single locus. We named this locus Lrd\. .'^n isolate from an earlier 1992-93 Iowa rust 
population (D-93) produced immune and hypersensitive resistant reactions, respectively, in 
the resistant male and susceptible female parent and their progenies indicating that rust 
resistance is pathotype specific. In addition, the progeny did not segregate to isolates of M. 
larici-populina. and an isolate of .V/. medusae (G139-91) from the Pacific Northwest. This 
indicates that Lrd\ is different from the previously described rust resistance loci. Bulked 
Segregant Analysis (BSA) identified two Random Amplified Polymorphic DNA markers that 
vi  
are closely linked to Lrd\ (1.7 and 7 cM). These markers will be instnimental in cloning 
gene(s) involved in rust resistance, and may prove useful for marker assisted selection of 
leaf-rust-resistant genotypes. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The over-depletion of natural forests and the need for alternatives to fossil fuel have 
StimuJaied interest in the culture of short-rotation woody-biomass plantations. In the United 
States there has been a rapid expansion of these plantations since the 1980's. and most of 
these plantations use many members of the genus Populus. which are among the fastest 
growing native tree species in the temperate zone. Species of Populus naturally hybridize to 
produce interspecific hybrids that mostly are faster growing than their parent species 
(Dickmann and Stuart, 1983). Encouraged by this ease of hybridization, poplar breeders 
have been producing interspecific hybrids in large numbers, which presently are used widely 
in short rotation woody-biomass plantations in North .America and Europe. 
Despite their fast growth, many interspecific hybrids are susceptible to insects and 
pathogens. This susceptibility is especially evident in the north central United States where 
fast growing hybrid poplars, of various genetic background, are devastated by stem canker 
caused by Sepioria musiva Peck. Because of this disease, many fast growing hybrids are not 
suitable for plantations in the north central region. 
The canker problem has made the native eastern cottonwood {Populus deltoides 
Barter. Ex. Marsh.) species of choice for plantations in the north central states. Most clones 
of P. deltoides have excellent resistance against Sepioria canker, but they have their own 
disease problem by being susceptible to leaf rust caused by Melampsora medusae Thum. 
Leaf rust can cause serious defoliation and yield loss in P. deltoides and its hybrids. 
Although the effect of leaf rust on yield varies from clone to clone, losses up to 60% in 
volume wood produced have been reported (Widin and Schipper. 1980). 
In natural population of P deltoides. clones vary in their resistance to M medusae, 
and poplar breeders have taken advantage of this variability to select clones with good 
resistance to this pathogen. Despite selecting for rust resistant clones, there has been limited 
effort to understand the genetic basis of rust resistance in P. deltoides. There is no report of 
single locus or quanitative trait loci (QTL ) implicated in M. medusae resistance in P. 
deltoides. Likewise, there has been no effort to understand the pathogenic variability of M. 
medusae in the north central United States. Better understanding of the host and the 
pathogen is a key to managing plant diseases in general and poplar rust in particular. 
There are more questions than answers in our understanding of the epidemology, 
genetics, and molecular biology of this pathosytem. If P. deltoides is to become the major 
woody-biomass tree in the north central states, we need greater knowledge of this system so 
that appropriate management strategies can be designed and implemented. 
The objectives of this project were: 1) to study the pathogenic variability of M. 
medusae in central Iowa and lay ground for future work in this area, 2) to determine the 
mode of inheritance of .V/. medusae resistance by studying progenies from a cross between 
rust resistant and susceptible clones of P. deltoides. and 3) to identify a molecular marker 
linked to a M. medusae resistance locus that was identified under objective 2. 
Dissertation Organization 
This dissertation consists of five chapters: a general introduction and literature 
review (Ch. I); three papers for journal publication (Ch. 2-4); general discussion and 
conclusions, (Ch. 5): appendix and general references. References cited in the general 
introduction. literature review, and general discussion and conclusions are at the end of the 
dissertation. The doctoral student will be the senior author on the publications derived from 
the manuscripts. The three manuscripts will be submitted to the journals: Plant Disease. 
Forest Science, and Phytopathology, respectively. 
Literature Review 
The host 
The genus Populus is comprised of about 30 species of poplars, cottonwoods and 
aspens. Populus has many attributes of a model system in forest tree biology (Dickmann and 
Stuart, 1983: Klopfenstein et al.. 1997; Stettler et al.. 1997). Chief among these are breeding 
and genetics which can be used in all aspects Populus biology, including anatomy, 
physiology, pathology, entomology, reproductive biology, ecology, and molecular biology. 
Both traditional and molecular genetic manipulations are simpler in Populus than in most 
forest tree genera. Poplars are among the fast-growing trees in the temperate latitudes and 
produce a wood that is used by forest industries. In the minds of many people the term 
"hybrid poplar" has become almost the synonym for super tree. However, the real truth is 
somewhat less dramatic. Although the potential of many hybrid clones is great, many 
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hybrids do not grow better than the native poplars, and many are destroyed by disease and 
insect injury at an early stage (Ostry and McNabb. 1985). 
Populus deltoides Bartr. Ex. Marsh is one of the two most abundant black poplar 
species in the north central United States. Most P. deltoides clones are very resistant to the 
most devastating disease of poplars, stem canker, caused by Septoria musiva Peck (Ostry and 
McNabb. 1985). Because of their resistance to Septoria canker. P. deltoides clones are most 
likely to be widely planted poplars in the north central states. 
In their natural ecosystem, stands of P. deltoides seem to be in a dynamic balance 
with their natural enemies, i.e.. insects and pathogens may serve as thiiming agents of early 
dense stands. In these stands, pests and trees may have come to a dynamic equilibrium that 
resulted in their coexistence. There are a number of diseases that are known to attack P. 
deltoides and its hybrids, but the most important are leaf rusts caused by Melampsora 
species, leaf spot and stem canker caused by 5. musiva. and leaf spot caused by Marssonina 
brunnea (Ell. And Ev) Magn. .Among the above three diseases, leaf rust is the most 
economically damaging to P. deltoides and is known to cause large yield reductions. 
Although the effect of leaf rust may vary from clone to clone, as much as a 60% reduction in 
potential volume of wood produced has been reported (Widden and Schipper. 1981). 
Coupled with harsh environmental conditions such as drought and winter injury, leaf rust can 
cause death of young and even mature trees. 
The pathogen 
The genus Melampsora belongs to the division Basidiomycotina, order Uredinales, 
and family Melampsoraceae. M medusae is a heteroecious macrocyclic fimgus which 
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produces pycnia and aecia on eastern larch [Larix larcinia (Du Roi) K. Koch] and possibly 
other conifers, and uredia. telia and basidia on eastern cottonwood (P. deltoides) and its 
hybrids (Arthur and Cummins. 1962; Ziller. 1965). This rust pathogen overwinters by means 
of telia on fjdien poplar leaves and produces basidiospores in the spring. The basidiospores 
infect the larch needles, resulting in the formation of spermata and aecial initial with 
receptive hyphae. After mating dikaryotic aecia and aeciospores are produced on the larch 
host. The aeciospores are windblown to poplar leaves, and upon germination and formation 
of n + n mycelium with haustoria. dikaryotic uredia with urediospores are produced on the 
poplar leaves. From a disease-progress point of view, the urediospores are the most 
important spores because they are capable of re-infecting poplar leaves as long as a 
conducive environment and susceptible host are available. 
Among other species oi Xlelampsora that potentially can cause disease on eastern 
cottonwood and its hybrids are M. larici-populina Kleban and M. alU-populina Kleban. 
These two species occur commonly in Europe (Latch and Wilkinson, 1980), but hd. larici-
populina. also found in Asia and .Australia, recently has been reported from the Pacific coast 
states of California. Oregon, and Washington in the United States (Newcombe and 
Chastanger. 1993b). .Vfelampsora occidentalis H. Jacks, is endemic to the Pacific northwest, 
but has been reported occasionally from the north central states of Minnesota, North Dakota, 
and Iowa (Moltzan and Stack. 1990; Tabor. 1993). M. occidentalis was found, in central 
Iowa, on two hybrid clones Populus, UWl 112 (P. trichocarpa (Torr. and Gray) X P. 
deltoides) and MWH II (P. deltoides X P. maximowiczii Henry) (Tabor. 1993). It has not 
been determined whether M occidentalis is established in north central States, or it is wind 
disseminated from the Pacific Northwest where it is common. 
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To date, three species of Melampsora have been reported to cause leaf rust on poplars 
and their hybrids in the north central states. These include M. medusae. M. occidentalis, and 
M abieties-canadensis Farl. Among these three species, M. medusae is the most abundant, 
and economically important species in the region. 
M abieties-canadensis was found on transgenic (Trl5) P. alba L. X /*. 
grandidentata Michx. cl. Hansen trees in Ames and its distribution in Iowa is not well 
docimiented (Tabor, 1993). S4. has not been a problem in central Iowa 
on aspens or their hybrids. 
The presence of several species of Melampsora in a given area raises the question of 
whether or not rust species will hybridize to produce new biotypes with wider host ranges 
and aggressiveness. It is hard to confirm the presence of interspecific hybrids of 
Melampsora by morphological characteristics with the use of microscopic techniques alone. 
Therefore, support of molecular information such as rDNA sequences could be valuable. 
Ribosomal RNA 
Ribosomal RNA gene sequences of numerous plant pathogens are documented and 
can be accessed using the National Center for Biotechnology Information (GenBank) and 
other related databases. These genes are widelv* used for taxonomic purposes because they 
consist of regions that are conserved among a wide range of organisms. But, at the same 
time, they have sequences that are divergent among closely related species and even within a 
species. Divergent domains may differ extensively both in sequence and length among 
closely related genera, but they occupy homologous positions relative to the most conserved 
regions (ribosomal sub units) (Gerbi. 1985; Clark. 1987). This intrinsic nature of rRNA 
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genes makes them valuable for identification and classification of plant pathogenic and other 
fungi. 
A typical eukaryotic nuclear rRNA is the polycistronic coding regions for 18S, 5.8S 
and 28S rRNA which are grouped in that order in a single transcription unit. The entire 
transcribed unit includes two noncoding regions called internal transcribed spacers (ITS) that 
separate the three coding regions from one another. Sequences in the coding regions of the 
rRNA are very conserved among related taxa. and sequences from these coding regions can 
be used for phylogenetic studies. Depending on the taxa, ITS regions can be very variable 
and can be used for identification and classification purposes (White et al.. 1990; Gardes and 
Bnms. 1993). 
In the majority of organisms studied, multiple copies of the rRNA genes are clustered 
in long tandem arrays and clusters, often occurring on several different chromosomes. A 
single transcription unit within a cluster is separated by intergenic spacer segments called 
IGS. that are not transcribed. IGS lengths may var>' from taxa to taxa and the sequences 
within the IGS can var>^ markedly within a genus or species (Gerbi et al.. 1987). 
The variability in ITS and IGS regions could be beneficial in identifying species and 
sub-species of poplar rust pathogens, thereby complimenting the existing morphological 
information on these pathogens. 
Pathogenic variation in Melampsora medusae 
Rust pathogens are notoriously known for their pathogenic variation, and in some 
cereal rust species up to several hundred races have been reported. For instance, the causal 
agent of leaf and stem rust of wheat (Puccinia graminis f.sp. tritici Eriks. and Herm.) is 
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known to have many races (Roelfs et al.. 1984). Several lines of evidence suggest that M. 
medusae is highly variable. Shain (1988) suggested the presence of two forma speciales of 
M. medusae, i.e.. f.s. deltoidae and tremuloidae. The f.s. deltoidae infects P. deltoides and 
f.s. tremuloidae infects aspens. There has been no further confirmation of these formae 
specialis. and the fact that the two differ in urediospore morphology (size), and are 
geographically separated, raises the question whether or not they may be different species. 
Pathogenic variations within M. medusae f.sp. deltoidae have been reported from the 
Lower Mississippi Valley (Prakash and Heather. 1986; Prakash and Thielges, 1987; Shain, 
1988). Preliminary data indicated that there is pathogenic variation in the M medusae 
population in central Iowa as well (Tabor. 1993). 
Most clones of P deltoides have resistance to the most serious disease of hybrid 
poplars, stem canker caused by S. musiva. Therefore, if clones of P. deltoides are going to be 
the major biomass trees in the north central states, leaf rust will become the most 
economically important disease of poplar biomass plantations in this region. The possible 
presence of numerous pathotypes of .V/. medusae greatly affects the future use of P. deltoides 
as shon rotation, woody biomass trees. If the M. medusae population in central Iowa is more 
variable than what has been reponed. the use of gene deployment strategies (Browning. 
1969) to maximize the longevity of rust resistant clones is warranted. A sound gene 
deployment technique requires a thorough understanding of the pathosystem, including the 
genetic diversities of the pathogen and the host. 
Since 1995, we have obser\'ed severe rust epidemic on the native cottonwood in 
Iowa. Whether this observed increase in rust severity is because of a change in the M. 
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medusae population or the environmental factors that affect rust development, or both, is yet 
to be understood. 
Inheritance of rust resistance 
A sound poplar leaf rust management strategy must include natural disease resistance 
as its integral component because poplars are considered low value crops where chemical 
control is uneconomical and environmentally unsound. Several research programs have 
attempted to produce rust resistant hybrid poplars, but most of these hybrids were crosses 
between different species of Populus. These interspecific hybrids are generally fertile or are 
easily propagated vegetativeh'. Despite the effort of producing rust resistant clones, there 
has been a limited attempt to understand the mode of inheritance of leaf rust resistance in 
Populus. 
Research results from Europe suggest that high resistance (immunity) in some races 
to S4. larici-populina is controlled by a single gene (Lefevre et al.. 1998). This fmding was 
based on interspecific hybrid families of P deltoides X P. nigra. Similarly, researchers in 
the Pacific northwest have indicated that partial resistance (necrotic flecking containing some 
uredia) to M. medusae in an interspecific hybrid (P. irichocarpa X P. deltoides) family is 
inheri ted as  a  s imple t ra i t  {Mmd\ ) .  with the resis tance being inheri ted f rom the P. 
irichocarpa parent (Newcombe et al.. 1996). 
Interspecific hybrid poplars have been known for their fast growth and have been 
used for commercial production of fiber. However, interspecific hybrids may not be the best 
mater ia ls  to  s tudy host-pathogen evolut ion.  For  instance,  the necrot ic  f leking locus {Mmd\)  
is inherited firom P. irichocarpa. which is not native to central United States where M. 
10 
medusae is endemic. This raises the question of whether the resistance from the P. 
trichocarpa parent is because of "exaptions" or a result of host-pathogen evolution (Gould 
and Vrba. 1982; Newcombe. 1998b). For this reason, intraspecific hybrids of P. deltoides 
are better material than interspecific hybrids, to study the evolutionary relationships between 
P. deltoides and M medusae. 
There is some circumstancial evidence for the presence of the gene for gene system 
(Flor. 1956) in the P. deltoides!M. medusae pathosystem. Several lines of evidence suggest 
that there are several races (pathotypes) of .V/. medusae (Prakash and Heather. 1986; Prakash 
and Thielges. 1987; Tabor. 1993). and the presence of races mostly, not necessarily, is 
correlated with the presence of a gene-for-gene system. In addition, distinct manifestations 
of resistance by the host plant as immunity or susceptibility is characteristic, not exclusively, 
of gene-for-gene systems. However, direct confirmation of the presence of a gene-for-gene-
system in this pathosystem is a formidable task. Given this limitation, first-generation 
crosses could be ver\' valuable in understanding the mode of inheritance of rust resistance in 
P. deltoides. Based on information from first generation crosses, it is possible to find 
molecular markers, linked lo rust resistance loci, that can be used for selection, breeding, and 
cloning of resistance genes. 
Molecular genetic markers 
The most widely used molecular markers in agriculture and forestry are DNA 
markers. Because plant genotype is analyzed directly by DNA marker technology, 
environmental or developmental alterations of the phenotype have no effect. Through 
developments in molecular biology, different techniques have emerged to detect molecular 
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markers based on DNA. Use of restriction endonucleases allowed Meselson and Yuan 
(1968) to evaluate DNA sequence variations through the analysis of Restriction Fragment 
Length Polymorphism (RFLP). In 1985. the polymerase chain reaction (PGR) technique was 
developed based on the amplification of DNA fragments using a thermostable DNA 
polymerase (Saiki et al., 1985). Many variants of PCR strategy have since been established 
to detect DNA polymorphism. The objective of the PCR variant strategies was to increase 
the number of markers analyzed per experiment and the likelihood of identifying markers 
that display a high Polymorphism Information Content (PIC). 
Among DNA markers that have high PIC are RAPD markers. RAPD protocol is 
based on the use of a single short primer (10-12 bases in length with at least 40% G - C 
content in the PCR reaction). In order to obtain an amplification product, the distance 
berv\'een both regions complementar>' to the primer sequence should be less than a few 
thousand base pairs. .Amplified DNA fragments are electrophoretically separated on an 
agarose gel and visualized by staining with ethidium bromide. E.xperiments have shown that 
the number of amplified DNA fragments obser\ ed per primer is independent of genomic 
complexity. This inconsistency is because of primer competition, and implies that not all 
amplifications derive from the perfect pairing between the primer and DNA template 
(Williams et al.. 1990). 
RAPD technology detects single nucleotide changes, deletions, and insertions within 
the primer armealing site. .A RAPD marker of interest can be cloned and sequenced for 
conversion to a Sequence Characterized .Amplified Region (SCAR) (Paran and Micheimore, 
1993). Each SCAR is a specific PCR-based marker that defines a single locus. 
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The RAPD technique has an advantage over other marker techniques such as 
Restriction Fragment Length Polymorphism (RFLP) in that it avoids hybridization and 
autoradiography. Other advantages of RAPD include requiring a ver>' small amount of 
DNA, possible automation, and relatively simple, quick, and inexpensive assays. However. 
RAPD technology does have several limitations. RAPD markers are dominant, so usually 
they cannot distinguish between hom.ozygous and hetrozygous loci. RAPDs also are difficult 
to reproduce. This variation can be attributed to mismatched annealing of the random primer 
to the DNA (Penner et al.. 1993). Although RAPDs have several limitations, they can be 
very valuable in certain cases where other marker technologies are not suitable or 
cumbersome to use. RAPDs may not be the best mapping markers, but they can be very 
reliable markers for certain phenotypes such as disease resistance. 
Tight linkages between molecular genetic markers and disease resistance loci can 
help breeding programs because genetic markers can be tracked immediately across 
generations rather than waiting for phenotypic expressions of the resistance genes. In 
addition, genetic markers for disease resistance genes ma\' serve as starting points for efforts 
to clone these genes, and subsequently determine their mode of action at the biochemical 
level. 
For most tree crops, including poplars, classical genetic analysis is not sufficiently 
developed to take fiill advantage of available marker technologies. However, techniques 
such as bulk segregant analysis (BSA) (Michelmore et al.. 1991) allow poplar breeders to 
identify genetic markers based on minimal classical genetic information. BSA involves 
screening for differences between two pooled DNA samples derived from a segregating 
progeny population that originated from a single cross. Each pool, or bulk, contains 
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individuals selected to have identical genotypes for a particular genomic region (target locus 
or region) but random genotypes at loci unlinked to the target locus. With sufficient 
segregating populations, the two resultant bulked DNA samples theoretically differ 
genetically only in the selected region and are seemingly homozygous and monomorphic for 
all other regions. BSA is panicularly useful in poplar breeding where production of near 
isolines (NIL) is impractical because of long generation times. 
The ultimate success of BSA primarily relies on the accurate classification of 
phenotypes into distinct groups, thereby not mixing of DNAs while bulking, from the distinct 
phenotypes. In order to achieve this, reliable bioassay techniques should be used for 
identifying phenotypes. In case of disease resistance tests, both field and controlled-
environment inoculation tests may be necessarv'. Moreover, with pathogens with potentially 
many pathotypes. such as leaf rust of poplars, controlled-environment inoculations are 
crucial as disease incidence and severit\ may be dependent upon the prevailing pathotype(s) 
in a growing season. 
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CHAPTER 2. PATHOGENIC VARIABILITY OF MELAMPSORA MEDUSAE 
IN IOWA 
A paper to be submitted to the journal Plant Disease 
Girma M. Tabor'. Stacie E. Foglesong". and Harold S. McNabb. Jr.' 
Abstract 
In north central United States, leaf rust caused by Melampsora medusae causes 
serious defoliation on eastern cottonwood (Populus deltoides) that results in loss of biomass 
production. Reports on the pathogenic variabilit\' of this pathogen in the north central United 
States were lacking, thus this study was conducted to assess this variability among M 
medusae populations in Iowa. .A.t least three pathotypes of M. medusae have occurred in 
central Iowa during 1992-97. These pathotypes are distinguished on the basis of their 
differential reaction to three Populus clones. Pathotypes D-93. F-93. and IL-48 are 
compatible with clone 1-488 (P. X curamericuna) and other hybrid clones of this common 
cross). F-93 and IL-48 also are compatible with clone 57-276 (P. deltoides X P 
irichocarpa). and IL-48 is compatible with clone 7300501 (P deltoides). No M. medusae 
isolates from central Iowa were compatible with clone 7302801 (P. deltoides). Pathotype D-
93 was the most abundant pathotype found in the 1992-93 growing seasons, but it has not 
been prevalent since 1995. In addition, urediospores of D-93 were significantly smaller in 
size than 
'Graduate Assistant and University Professor respectively. Departments of Forestry and Plant Pathology: and 
'Honors Undergraduate Genetics Major. Iowa State University, .^mes. lA. 50011 
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urediospores of more virulent pathotypes (F-93. IL-48. IL-96. and IL-97). The presence of 
multiple pathotypes of M medusae emphasizes the need for gene deployment strategies 
when managing leaf rust of poplars in the north central states including Iowa. 
Key words: rast resistance, pathotype, gene deployment, ITS, rRNA. 
In the eastern United States, leaf rust of poplars caused by Melampsora medusae 
Thum is a serious disease on eastern cottonwood (Populus deltoides Bartr. ex Marsh.) and its 
hybrids (Widin and Schipper. 1981; Ostr\' and McNabb. 1985; Tabor. 1993). A rapid 
expansion of hybrid poplar plantations has occurred in the United States; consequently, 
potential economic loss caused by poplar rust is greater than ever. Poplar breeders have been 
producing rust-resistant and tolerant hybrids; however, leaf rust continues to be a problem. 
This persistent problem may be because of high degree of pathogenic variability of the 
pathogen. Despite this common belief, evidence of the pathogenic variability of .W. medusae 
in the north central states has not been published previously. The alternate host for M 
medusae, eastern larch [larix larcinia (Du Roi) K Koch] only is naturally present in the 
northern region of the north central United States. Thus, sexual recombination, and 
consequently pathogenic variation, is more likely to occur in the north central states than in 
southern states. Previously reported evidence suggests that pathogenic variation occurs 
within M. medusae populations in the southeastern United States (Prakash and Heather, 
1986; Prakash and Thielges. 1987; Shain. 1988) where the alternate host is not naturally 
present. 
Understanding the pathogenic variation of M medusae also may help answer the 
lingering question of whether this pathogen can overwinter as urediospcres or mycelium in 
plant tissue in the north central states. The overwintering mechanism of this pathogen is not 
totally understood. Annual rust epidemics occur later in the southern part of the north central 
region than in the north, indicating that a rust epidemic starts from the north and progresses 
south (Widin and Schipper. 1980). In the far south, the appearance of urediospores (thought 
to be from new infections from overwintering urediospores) in Coastal Texas, has been 
reported to correspond with aeciospore appearance in Wisconsin and Minnesota (Chitzanidis 
and Van Arsdel. 1970). However, a focused effort to understand the over-wintering 
mechanism of this important pathogen has not been conducted thoroughly. One approach to 
this problem is to characterize the pathotype composition across a transect of the eastern 
United States over man\' years, while monitoring changes in pathotype variability along this 
transect. However, this task requires multi-state cooperation and continued effort over an 
extended period. Since 1992. we have collected M. medusae urediospores from various 
locations in central Iowa, and tested them on several Populus clones to understand the 
pathotype diversity of .V/. medusae populations in central Iowa. 
In this paper, we report the presence of three biotypes of .V/. medusae and an 
increasing presence of biotypes that can infect differential clones 57-276 (P. deltoides X P. 
trichocarpa Torr. & Gray) and 7300501 iP deltoides) that were resistant to the most 
prevalent rust biotypes in 1992. In addition, we present our effort to identify possible 
hybrids between two species of Melampsoru using rDNA sequence informaton. 
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Materials and Methods 
Plant material 
Poplar clones used in this test were 7302801 {P.  del ioides)  which is from McClure. 
Illinois. 57-276 (P. deltoides X P. irichocarpa) from Washington. 7300501 {P. deitoides) 
from Grand Chain. Illinois, and 1-488 (P. X euramericana (Dode) Guinier originally from 
Italy. These clones were selected because they represent diverse genetic backgrounds. 
Hardwood cuttings were made from either greenhouse or field-grown stock-plants, and 
planted in 1-liter plastic pots in a greenhouse. After the cuttings developed root and shoot 
systems they were transferred to 2-liter pots to promote further growth. Plants were 
occasionally cut back until they exhibited robust and uniform growth. Both whole plants and 
excised leaves were used for inoculation tests. 
Collection and preliminary screening of Melampsora medusae isolates 
In the 1992 to 1997 growing seasons, urediospores of .W. medusae were randomly 
collected from various sites in central Iowa. These sites include Rhodes (60 mi. east of 
Ames). Pick Observator>' (20 mi. west of .Ames). Hinds and Iden Farms (north of Ames), and 
the Iowa Department of Natural Resources nurser\'. on the southeast edge of Ames. These 
sites were selected because they contain both pure P. deltoides and hybrid poplars grown for 
experimental purposes. Genetic diversity in the host may increase the chance of harboring 
different pathotypes of the pathogen. 
Preliminary screening of monouredial isolates was conducted to reduce the isolates to 
a manageable number for testing. Uredia were randomly chosen from yearly mass 
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collections and further increased to produce enough urediospores from monouredial isolates. 
Monouredial isolates were increased on detached leaves (Appendix-Figure 1) of the umversal 
suscept 1-488 that were placed in petri-plates containing Watman filter paper soaked in 10 
mg/1 gibberellin Aj potassium salt (Sigma Co.. St. Louis. MO, USA). These monouredium 
isolates were tested for compatibility reactions on these leaves of previously mentioned four 
poplar clones (methods are described later). Based on the preliminary screenings, isolates 
that appeared either different or representative of the sample population were fiirther 
increased on detached leaves of the universal suscept. Based on preliminary test results, a 
total of five isolates were selected for further study. Isolate D-93 represented the most 
prevalent isolate in 1992-93. Isolate F-93 was compatible with more clones than D-93 but it 
was rarely found in 1992-93. Isolates IL-48. IL-96. and IL-97. represented populations 
collected between 1995-97 and their reaction to the test clones were identical. Needed 
amounts of fresh inoculum, of each isolate, was produced on detached leaves of the universal 
suscept 1-488. 
Microscopic examination 
Urediospores from the five isolates were microscopically examined for the presence 
of an equatorial bald spot, which is the distinguishing characteristic of .V/. medusae. 
Size measurements 
Because species of Melampsora differ in the size of their urediospores. it was 
necessary to measure the urediospores of the five isolates. Length and diameter of 
urediospores of each isolate were measured using a microscopic micrometer. All isolates 
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were grown on the universal suscept. 1-488. and from a mixture of hundreds of uredia, 100 
urediospores of each isolate were randomly selected for length and diameter measurements. 
The data were analyzed using Duncan multiple range, using the SAS statistical package. 
Whole-plant inoculation 
Inoculation of test plants with each of the five isolates was performed by rubbing 
urediospore laden leaves of the universal suscept against the abaxial leaf surfaces of the test 
plants. After leaves were well covered with spores, the inoculated plants were placed in a 
dark dew chamber at 20 C for 12 h to induce urediospore germination and germ tube 
penetration. Uninoculated plants of each clone were included as controls. Test plants were 
removed from the dew chamber and transferred to a growth chamber for 10 days with 
16L:8D photoperiod and day and night temperatures of 20 C and 18 C. respectively. Each 
day. inoculated leaves were inspected for rust reaction to the five isolates of M medusae. 
Each clone was replicated three limes per experiment, and the experiment was repeated three 
times. Between 10 and 15 leaves per plant were inoculated. Data were collected as follows: 
positive (- = >1 uredium per plant), negative ( - = 0 uredia and no visible hypersensitive 
reactions), and hypersensitive (HR = 0 uredia with strong macroscopic hypersensitive 
reactions) 
Excised whole-leaf inoculation 
For excised, whole-leaf inoculation, leaves of the same position on the stem. Leaf 
Plastichron Index (LPI) 10-12 (Ericson and Michelini. 1957; Larson and Isebrands, 1971) 
were collected from the four clones and lightly rinsed with distilled water. Each leaf was 
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placed, abaxial side up. in a petri plate containing moist filter paper soaked with 10 mg/1 
gibberellin A3 potassium salt (Sigma Co.. St. Louis. MO. USA). Fresh urediospores from the 
five isolates were suspended separately in distilled water, containing a small amoimt of 
Tween 20 to disperse the hydrophobic spores. Ten. 20 |il droplets (ca. 400 
urediospores/droplet) were applied on each leaf. The plates were sealed with parafilm® and 
incubated for seven days in a growth chamber with 16L:8D photoperiod, and day and night 
temperatures of 20 and 18 C. respectivels". Each clone was replicated four times and the 
experiment was repeated four times. Data were collected in the same manner as in the whole 
plant tests: positive = >1 uredium per plant), negative (- = 0 uredia and no visible 
hypersensitive reactions), and hypersensitive (HR = 0 uredia with strong macroscopic 
hypersensitive reactions). In addition, data were collected on the incubation period as 
determined by appearance of 50% of the uredia. 
DNA extraction and purification for hybrid identification 
Urediospores of F-93. lL-48. IL-%. and lL-97 isolates were significantly longer than 
for any previously reported M. medusae In order to determine if these isolates were hybrids 
between M. medusae and S/lelampsoru kirici-pnpulina Kleban. we compared internal 
transcribed spacers (ITS 1 and 2) and 5.8s regions of the rRNA operon of the two 
Melampsora species in terms of size and identity of DNA sequences. If these isolates are 
interspecific hybrids, then their dikar>'otic urediospores should contain rDNA sequences that 
are inherited from respective parent species. Any difference in DNA sequences can be used 
to distinguish between species. For instance, restriction endonucleases and/or specific 
21 
oligonucleotide primers could be designed to detect two different sequences in nuclei of 
potential hybrids. 
DNA from urediospores was extracted after sufficient urediospores of each 
Melampsora species were produced on inoculated whole plants of the universal suscept 
(1-488). To extract genomic DNA. we mixed fresh urediospores with an equal volume of 
diatomaceous earth (Sigma Co.. St. Louis. MO. USA) and ground with a plastic pestle 
powered by an electric drill. .A.n equal volume of lysis buffer containing 50 mM Tris-HCl 
(pH 7.2), 50 mM EDTA (pH 8). and 3% sodium dodecyl sulfate (SDS) was added 
immediately after grinding. The grinding slurry was centriftiged at 800 X g and incubated at 
65 C for I hour. After incubation, standard phenol chloroform extraction and ethanol 
precipitation were used to obtain template DNA. For preparations containing substantial 
amounts of RNA. as determined by 1% agarose gel electrophoresis, RNase (lOfig/ml) was 
added to digest the RNA. PCR was also pertbrmed using intact urediospores as a template. 
A single urediimi was picked using a sterile micropipette tip. and directly added to the PCR 
mixture described above. 
Primers and Polymerase Chain Reaction. 
Primers used in this procedure were 1TS4 5"{TCCTCCGCTTATTGATATGC) 3' 
and ITS5 5" (GGAAGTAAAAGTCGT.AACAAGG) 3". These primers are known to amplify 
regions between the large and small sub-units of the rRNA operon from a variety of 
basidiomycetous ftmgi (White et al.. 1990: Gardes and Bruns, 1993; Tisserat et al.. 1994; 
Kim et al.. 1995). PCR amplification was performed in 100 |j.l volumes containing 10 mM 
Tris-HCl (pH 8.3). 50 mM KCl. 200 of each dNTP (dATP. dTTP. dGTP. and dCTP), 0.5 
p.M of each primer. 2.5 units of Tag DNA polymerase, and 1.5 mM MgCh, Amplification 
was conducted for 35 cycles of denaturation (1 min) at 93 C. annealing (35 sec) at 58 C, and 
extension (2 min) at 72 C. Final extension at 72 C was performed for 10 min. All of the 
reagents except the primers were obtained from Perkin-Elmer Corporation (Norwalk, CT, 
USA). 
The PCR product was electrophoresed in 1.4% agaraose gel. stained with ethidium 
bromide (0.5 )j.g/ml). and visualized under UV light. For direct sequencing, the PCR 
products were purified with spin columns (Amicon, Inc.. Severely. MA. USA), product 
concentration was measured using a fluorometer. and DNA concentration was adjusted for 
automated sequencing. DNA sequences from the three species were compared to each other 
and to those reported for other rust organisms. 
Results and Discussion 
Whole-plant and excised-ieaf inoculation tests 
The results from whole plant and excised leaf inoculations indicated that all of the M. 
medusae isolates collected since 1995 were capable of infecting 57-276 and 7302801 clones 
(Table 1) which were only rarely infected by 1992 and 1993 isolates. Isolate F-93. which 
was rare in 1992-93 was compatible only with 1-488 and 57-276 clones. These results 
indicate that at least three pathotypes of .V/. medusae occurred in central Iowa. These 
pathotypes are D-93. compatible onl\- with 1-488 and other P. X euramericana clones; F-93. 
compatible with the former and clone 57-276; and IL-48. compatible with 7300501. 57-276, 
and 1-488 clones. Since 1995. we have not found a single isolate that does not infect clones 
57-276 and 7300501. At this juncture more information is needed to determine if a 
pathotype shift in the pathogen has occurred. However, in the north central United States an 
increasing number of interspecific hybrid poplars are being planted in experimental, 
production, and riparian zone plantations. In the future, these hybrid poplars could, if they 
have not already, influence the pathotype structure of .W medusae in the north central United 
States. 
The presence of the same pathotype over the last three years (1995-7) may contribute 
to the understanding of the epidemiology of leaf rust in central Iowa. It is not known how far 
north urediospores can overwinter or whether alternate hosts other than larch exist. If 
urediospores are windblown to central Iowa from the north, the Sdelampsora populations in 
Iowa should reflect those of the north. How ever, it' Xfelampsora populations in central Iowa 
are distinct from the northern populations, then local overwintering or wind dispersal from 
the south may be occurring. 
The M medusae population in Iowa could be more variable than what is reported in 
this paper. The sampling area was limited, and the number of potential differential poplar 
clones was limited because no prior knowledge of which clone should be used as a 
differential was available. When choosing the differential clones, past and potential future 
use of clones in the north central states was considered. Because of their fast growth, a 
hybrid with P. trichocarpa parentage, 57-276 was selected early. P. deltoides clones 
represent the direction of the current breeding research in the north central states. 
Latent period as determined b> the eruption of 50% of the uredia did not differ among 
isolates, and in all cases latent period was 7-8 days. 
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Microscopic examination 
Microscopic examinations revealed that urediospores from all five isolates had the 
equatorial bald spot, a distinguishing characteristic of M medusae. 
Size measurements 
Urediospores size varied among the different pathotypes (Table 2). D-93, the most 
abundant pathotype in 1992 produced the smallest urediospores. but they were well within 
the limits of published sizes for >/. medusae. The other two isolates (F-93 and IL-48) were 
longer than reported, often, for .V/. medusae. This difference could be attributed to several 
reasons: 1) the previously reported sizes for .V/. medusae may have not been representative 
of the population. 2) new .V/. medusae pathot\ pes that are larger and more virulent have 
become dominant, or 3) interspecific hybrids ma\ exist between .V/. medusae. M. occidentalis 
Jack, and M. larici-populina that produce larger urediospores than is typical of M medusae. 
M. occidentalis is knowTi to have even larger urediospores. 
PGR, restriction enzyme digestion and sequencing 
The approach used to ideniif\ pathotypes with large urediospores as a possible hybrid 
between Melampsora sp. was impractical because DNA sequences of the 5.8s and ITS 
regions were in both species tested. PCR products, using intact spores and genomic DNA as 
a template, were ca. 700 bp. and no difference in product size was observed among tested 
species of Melampsora (Appendix-Figure 2). Restriction digestion of PCR products with a 
number of enzymes did not produce any detectable polymorphism for use in distinguishing 
the ttiree species. These results also were supported by subsequent DNA sequence data tliat 
showed ITS and 5.8s rRNA gene sequences were identical from both species (Appendix-
Figure 3). 
The results indicate that DNA sequences of ITS and 5.8s regions from the two of 
Melampsora sp. are not suitable to distinguish them. However, the ITS and 5.8s sequences 
may be useftil for phylogenetic comparisons with other organisms. In addition, the ability to 
amplify rRNA genes without extracting genomic DNA greatly simplifies the work of 
studying rRNA genes of Melampsora species. 
Conclusions 
At least three pathotypes of .V/. medusae have been identified to be present in central 
Iowa since 1992. There could be more pathotypes detected when more differential clones are 
identified. Poplar growers and breeders should consider this potential diversit>' when 
designing a rust management strateg\. 
This paper raises more questions than it answers. These questions include: 1) are 
morphological  character is t ics  dependable  for  ident i fv  ing urediospores  of  Melampsora sppl  
2) is the continued presence of the same pathot\'pes over three consecutive years (1995-97) 
an indicator of local overwintering? and 3) do intraspecific hybrids of Melampsora occur, 
and if so. are they established in the nonh central states or are they wind-disseminated from 
the west or south each year ? 
Urediospores of the most virulent pathotypes (F-93 and IL-48) reported in this paper 
were significantly larger than the less virulent D-93. The source of this size difference 
warrants further investigation. Characterized biotypes of M. medusae will be instrumental 
for studies of host pathogen interactions in this pathosystem. 
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Table 1. Reaction of different Iowa monouredium isolates of Melampsora medusae to four 
differential poplar clones. Results are a summarv" of whole plant and excised whole leaf 
inoculation experiments. 
M. medusae isolates Poplar Clone I 1 
(codes) P. X' P deltoides X 
euramericana P irichocarpa 
i P. deltoides P. deltoides 
1-488 57-276 \ 7300501 7302801 
D-93 (common 1992-93) — HR • 
F-93 (rare 1992-93) - - -
IL-48 (common 1995) -t-
. 
i IL-96 (common 1996) 
I IL-97 (common 1997) 
*= natural hybrids between P. ddioides and P ni^ru. 
- = 0 uredia per plant or leaf with no macroscopic reaction. (-^) = one to many uredia per 
plant or leaf, and HR= 0 uredia with macroscopic hypersesetive reaction. 
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Table 2. Urediospore length and diameter measurements for five Iowa isolates of 
Melampsora medusae (n =100) 
M medusae isolates 
Isolate (code) 
' Length (nm) 1 . ! Diameter (jam) 
D-93 (common 1992-93) 31.90 a* 16.26 a 
11-97 ( common in 1997) 34.92 b 15.52 a 1 1 
IL-48 (common 1995) 37.84 c 17.93 b 
F-93 (rare in 1992-93) 37.99 c 18.56 b 
IL-96 (common 1996) 39.10 c 18.57 b 
Duncan's multiple range test for variables using the SAS statistical package; 
* = values with the same letter in a column are not significantly different among each other at 
P = 0.05 
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CHAPTER 3. MELAMPSORA MEDUSAE RESISTANCE IN POPULUS DELTOIDES 
IS IMPARTED BY LRD\ LOCUS 
A paper lo be submitted to the Journal of Forest Science 
Girma M. Tabor ' Richard B. Hall and Harold S. McNabb. Jr. 
Abstract 
In North America, poplars and their hybrids are widely grown for the production of 
fiber, and environmental benefits. .Among diseases that cause serious yield reduction on 
Populus deltoides is a leaf rust caused b\ }vIelampsora medusae. Some clones of P. deltoides 
are resistant to medusae. However, the mode of inheritance of .V/. medusae resistance in 
P. deltoides is poorly understood. .An intraspecific cross was made between a M medusae 
resistant male and a susceptible female clone off deltoides to produce Fi progenies (n = 
207) and determine the mode of inheritance rust resistance. Progenies segregated 1:1 for 
resistance to the 1995-7 .V/. medusae populations in Iowa, indicating, resistance to this rust 
population is controlled by a single locus, we named Lrd\. Field results were confirmed 
using controlled environment experiments, where progenies segregated in a pathotype 
specific manner. An isolate from earlier 1992-93 Iowa M. medusae populations (D-93), 
produced resistant (immune) and hyperser^sitive resistant reactions in the resistant male and 
' ' Graduate Assistant. Professor and University Professor respectively. Departments of Forestry and ^Plant 
Pathology. Iowa State University. Ames, I A. 50011. 
susceptible female parents, respectively and these reactions also were observed in their 
progenies. In addition, all progeny was resistant (immune) to isolates of M larici-populina, 
and an isolate of medusae (GI39-91) from the Pacific Northwest. The fact that the 
progeny without Lrd\ was resistant to G139-91. but susceptible to IL-48 indicates that Lrd\ 
is different from previously described rust resistance loci. Mmd\. Our results suggest that 
several loci may be involved in rust resistance. 
Introduction 
Leaf rust caused by Melampsora sp. is a major disease on eastern cottonwood 
(Populus deltoides Bartr. ex Marsh.) and its hybrids. In the north central United States, the 
major Melampsora species causing disease on eastern cottonwood is Melampsora medusae 
Thum (Arthur and Cummins. 1962: Widin and Schipper. 1980; Ostr\' and McNabb. 1985, 
Shain. 1988; Tabor. 1993). It is a heteroecious macrocyclic fungus that produces pycnia and 
aecia on eastern larch [Larix laricinia (Du Roi) K. Koch) needles; and uredia, telia, and 
basidia on leaves of P deltoides and its hybrids (Arthur and Cummins. 1962; Ziller. 1965). 
Leaf rust of poplars is a serious problem when a few clones are selected for higher 
productivity and quality, then planted off-site in dense spatial patterns. In such plantations, 
the disease may become devastating. This devastation was evident in short-rotation woody 
biomass plantations where trees with similar genetic background were planted at close 
spacing which favors rapid leaf rust development (Newcombe and Chastagner, 1993a). 
A sound management strategy for poplar leaf rust must include natural disease 
resistance as its integral component, because poplars are considered low value crops where 
fungicidal management of leaf rust is both uneconomical and not worthy of associated 
environmental risks. Several researchers have attempted to produce rust-resistant hybrid 
poplars. Most of these hybrids were crosses between different species of Populus, because 
interspecific hybrids with P. deltoides are generally fertile and/or easily vegetatively 
propagated (Dickmann and Stuan. 1983). Despite producing rust resistant clones, only 
limited efforts have been devoted toward understanding the mode of inheritance of leaf-rust 
resistance in Populus. 
Thielges and Adams {1975) reported that .V/. medusae resistance in P. deltoides is 
inherited as a quantitative trait with genetic variation among open pollinated families. 
Research results from Europe suggest that high resistance (immunity) to some races of 
Melampsora larici-populina Kleban is controlled by a single locus {Mer) (Lefevre et al.. 
1998). This finding was based on interspecific hybrid families of P. deltoides X P. nigra L. 
and M. larici-populina. This rust species was found in North America recently in the early 
1990"s (Newcombe and Chastagner. 1993b). Similarly, researchers in the Pacific northwest 
have suggested that  par t ia l  res is tance to  M. medusae in  an interspecif ic  hybrid (P.  
trichocarpa Torr. & Gray .X P deltoides) tamil\ is inherited as a simple trait controlled by 
the locus .Umdi from the P inchocarpa parent (Newcombe et al.. 1996). .Although not much 
experimental evidence is available. \fmd\ is believed to be an "e.xaption" (Newcombe. 
1998b) in that its was not favored by selection tor its current role, but rather evolved for other 
ftmctions (Gould and Vrba. 1982). 
Interspecific hybrid poplars have been known for their fast growth and used for 
commercial production of fiber. However, these interspecific hybrids may not be optimally 
suited for studies on host pathogen co-evolution. P. trichocarpa is not native to north central 
United States where .V/. medusae is endemic, and it is not clear whether resistance fi'om the 
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P. trichocarpa parent is because ofexaptions. or a result of host-pathogen evolution. For this 
reason, intraspecific hybrids of P. deltoides that have co-evolved with M medusae are better 
suited than interspecific hybrids for studying evolutionary relationships between M. medusae 
and P. deltoides. 
In this paper, the first evidence that A/, medusae resistance in P. deltoides can be 
controlled by a single Mendelian locus (Lrd\) is presented, and that this locus is different 
from a previously reported locus (.\lmd\) that originated from P. trichocarpa. 
Materials and Methods 
Hybrid production 
.A.n intraspecific cross was made between two selections of P deltoides derived from 
an earlier Illinois program directed by J. J. Jokela (Jokela and Loven. 1975 ). Since dieir 
selection, clones 7302801 (male) and 7300501 (female) have shown varying resistance to the 
prevalent pathotypes of .V/. medusae m the Midwest. Dormant female scions were harvested 
from the current rust-susceptible female clone (7300501) and induced to root and then to 
flower in a greenhouse. The female catkins were pollinated with pollen from the leaf-rust 
resistant parent (7302801). Seeds were harvested and planted in a greenhouse, and resulting 
seedlings were hardened for field planting in Iowa. 
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Field experiment 
In fall 1994. progeny material was planted at Iden Farm in northwest Ames, in rows 
at 50 cm intervals. In mid-August 1995. individual plants were inspected for the presence of 
leaf rust and scored as resistant (zero uredia) or susceptible (one to many uredia). These 
plants, totaling 207, were inspected for presence of leaf rust over two successive years, and 
data collected from the tAvo years were compared for consistency. Data were collected as 
highly resistant or immune (no uredium/ plant) or susceptible (one or more uredia/ plant). 
Data were analyzed for fit with a Mendelian segregation ratio by the Chi-square test. 
Growtii chamber, whole-piant inoculations 
Plant material 
After observing results in the field trial. 28 clones (14 of each field susceptible and 
resistant progenies) were selected to validate field results in controlled environment studies. 
The two parents, and the universal suscept P X euramericana (Dode) Guinier cv. 1-488 
were included in the test. Hardwood cuttings were made from the clones and planted in 
individual pots in a greenhouse. Resulting plants were penodically cut back until plants of 
uniform size and robust growth were produced. 
M. medusae isolates 
Two monouredial isolates of .17. medusae were used to inoculate the test plants. One 
of the isolates (IL-48) was a collection, made in 1995, from the susceptible P. deltoides 
progeny planted at Iden Farm. The other isolate (D-93) was the most prevalent pathotype in 
the 1992-93 growing seasons (Tabor. 1993). Inoculum of each isolate was produced, in a 
growth chamber by inoculating whole plants of the universal suscept 1-488. 
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Inoculation procedures 
Inocuiation of test plants was accomplished by rubbing urediospore-laden leaves of 
the universal suscept against the abaxial leaf surfaces. After leaves were well covered with 
spores, the inoculated plants were placed in a dark dew chamber at 20 C for 12 h to induce 
urediospore germination and penetration. Uninoculated clones of each type were included as 
controls. Plants were taken from the dew chamber and transferred to a growth chamber for 
10 days with a 16:8 photoperiod and day and night temperatures of 20 and 18 C. respectively. 
Each inoculated leaf was inspected daily for the type of reaction to the two pathotypes 
of M. medusae over the next ten days. Each clone was replicated two times per experiment, 
and the experiment was repeated three times. The number of inoculated leaves per plant was 
between 10 and 15. Because of growth and dew chamber space limitations, the experiment 
was conducted over a period of time, and appropriate controls were included in every 
separate sub-experiment to ensure experimental iniegrit\". Data were collected as follows; 
positive ("^ = > 1 uredium per plant), negative (- = 0 uredia and no visible hypersensitive 
reactions), and hypersensitive (HR) = 0 uredium with strong macroscopic hypersensitive 
reactions. 
Petri plate, excised, whole-leaf experiments 
M. medusae material and inoculation procedures 
Inoculations of e.xcised whole leaves, in petri plates, were used to validate field 
results. Hardwood cuttings were collected from 119 clones that included 42 field-susceptible 
and 74 field-resistant progeny clones, plus the two parents, and the universal suscept. 
Susceptible clones were under-represented because most susceptible clones were smaller 
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than their resistant siblings, and their survival rate decreased dramatically after two growing 
seasons. Leaves from the same position on the stem. Leaf Plastichron Index (LPI) 7-12 
(Ericson and Michelini. 1957: Larson and Isberands. 1971) were collected from the 119 
clones, and rinsed with distilled water to remove debris. Each leaf was placed, abaxial side 
up. in a petri plate containing moist Watman filter paper soaked with 10 mg/1 gibberellin 
(GA3) potassium salt (Sigma Co.. St. Louis. MO. US.A). When enough urediospores of IL-
48 were produced on the universal suscept. they were suspended in distilled water containing 
a small amount of Tween 20 to disperse the hydrophobic spores. Each leaf was inoculated 
with ten 20 fil droplets (ca. 400 urediospores/droplet) evenly distributed over each leaf. 
Plates were sealed with parafilm" and incubated for 7 days in a growth chamber with a 16L; 
8D photoperiod and dav and night temperatures of 20 and 18 C. respectively. Each clone 
was replicated three times. Data were collected on the reaction of each clone to IL-48 as 
resistant (0 uredia) or susceptible ( > 1 uredium) per leaf 
In addition, the 3 1 clones used in the whole-plant growth-chamber inoculation trials 
were tested using the excised-w hole-leaf method with two isolates. IL-48 and D-93. 
Experimental procedures were the same as described for the 119 clones, except that each leaf 
was divided (imaginary), by the mid-rib. and each half was inoculated with the respective 
rust isolate. Five 20 ^il droplets (ca. 400 urediospores. droplet 1 were placed on each half leaf 
Data were collected as follows; positiv e (- = >1 uredium per leaf), negative (- = 0 uredia and 
no visible hypersensitive reactions), and hypersensitive (HR) = 0 uredia with strong 
macroscopic hypersensitive reactions. 
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Melantpsora sp. material and inoculation procedures 
The F1 hybrids also were tested for segregation of rust resistance using an other 
Melampsora sp.. and a M medusae isolate from the Pacific Northwest, assumed to be 
geographically isolated from Iowa. Most importantly, we wanted to know if a previously 
described locus. Mmd\ is different from the source of A/, medusae resistance manifested in 
our Fi hybrids. The Melampsora isolates used to screen the pedigree material included \ ) M. 
larici-populina Kleban. and 2) a well characterized isolate of M medusae (G139-91) from 
PNW. against which a partial resistance locus {^\4md\) has been reported (Newcombe, et al.. 
1996). An isolate of M. medusae from central Iowa (lL-48) was included as a control. 
The poplar material included 31 clones; 28 progenies (14 resistant and 14 
susceptible), the two parents, and the universal suscept 1-488 as a control. For excised, 
whole-leaf inoculation, leaves of the same LPl (10-12). were collected from each of the 31 
poplar clones, and were rinsed briefly with distilled water. Each leaf was placed, abaxial side 
up. in a petri plate containing moist filter paper soaked with 10 mg/ gibberellin (GA3) 
potassium salt (Sigma Co.. St. Louis. MO. USA). Each leaf was divided into four imaginar}' 
equal sections, and each section was inoculated with one of the isolates. Five 20 |i.l droplets 
(ca. 400 urediospores/droplet) of each isolate were applied on the abaxial side of each leaf. 
Plates were sealed with parafilm ° and incubated for seven days in a grov^ chamber with a 
16L: 8D photoperiod and day and night temperatures of 20 and 18 C. respectively. Each 
clone was replicated three times per e.xperiment. and the experiment was repeated three 
times. Because of space limitations, the experiment was done over a period of time, and 
appropriate controls were included in every sub-experiment. Data were collected on the 
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reaction of each clone to each isolate as resistant (0 uredia) or susceptible (> 1 uredium) per 
leaf. 
Results and Discussion 
Field experiment 
The ratio of highly resistant (immune) to susceptible plants was 92:115, respectively 
(Appendix-Figvires 4 and 5 ). This ratio is statistically = 2.6. 95% goodness of fit) not 
different from a 1:1 ratio (Table 1). and indicated that resistance to the prevalent pathotypes 
of iVf. medusae is controlled by a single Mendelian locus (qualitative resistant). This locus 
was given the designation. Lrd\. 
The above result indicates that the resistant parent was hetrozygous for Lrd\. and the 
susceptible parent could be either homozygous recessive or hetrozygous for two 
susceptibility alleles. Our results were supported by data from another cross between the 
resistant parent (clone 7302801) and another susceptible clone (92.04) that resulted in 
progenies that approximated 1:1 segregation for rust resistance (unpublished). However, the 
number of progenies in this second famil\ was too small for valid statistical analysis. In 
addition, either highly resistant (immune) or ver\ susceptible reactions of the progenies to the 
prevalent races of M. medusae also supports that rust resistance to the prevalent rust 
population is a qualitative trait, controlled by a single Mendelian locus. Lrd[. 
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Whole-plant inoculations 
Results from the controlled-environment experiment indicate that the resistant parent 
and progeny were immune to both M. medusae isolates (Table 2). Immunity here is defined 
as absence of uredium and no macroscopic reaction to attempted penetration or establishment 
by the fungus. Reactions of susceptible parent and progen\' were different from those of their 
immune siblings as exemplified by susceptibilty to the 1995 isolate (IL-48). and strong 
hypersensitivity (HR) to the 1993 isolate (D-93). The HR was macroscopically visible, and 
appeared to be extensive (Appendix-Figures 6. 7. 8. and 9). All of the negative controls 
showed no signs of rust infection. The universal suscept (1-488) was infected by both 
isolates of M. medusae. 
Apparent attempted establishment of D-93 elicited a strong HR in the siisceptible 
parent and progeny, but not in the resistant parent and progeny. Th HR starts as "pink 
hellos" within 3-4 days and then turns into necrotic tissue within a day or two (Figure I). 
Manifestation of resistance (HR) by the IL-48 susceptible progeny (with out lrd\) to D-93 
indicates that more loci than Lrd\ are involved in M. medusae resistance. In addition, the 
fact that the HR is extensive might indicate that the HR gene(s) is slow in recognizing the 
invading fungus. The HR is obsen. ed within 3 to 4 days after inoculation, and this couid 
suggest colonization of host leaf tissue. b>- the fungus. ma\' have started before the plant 
reacted. Whether the HR gene(s) invoh e recognition of the fungus or byproducts from 
attempted fungal colonization is yet to be determined. Further genetic studies are necessary 
to determine the exact mode of inheritance of the HR in this family. Of future interest is 
whether genetic factors controlling the HR are present only in the IL-48 susceptible progeny 
or are they also present in the resistant progeny but are masked by the effect of Lrd\. 
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Excised, whole-leaf inoculations 
M. medusae inoculations 
Inoculation results with IL-48 in the excised whole-leaf experiment with the 118 
clones were consistent with field results. Clones that exhibited either field-resistant or field-
susceptible phenotypes maintained their phenotype in the excised whole leaf assay. Thus, 
this controlled-environment experiment validated results from the field experiment, in that 
reaction of all the test clones to isolate 11-48 was consistent with results from field 
experiments. 
Likewise, the whole-leaf inoculation results were the same as the whole-tree results 
using the 31 clones with IL-48 and D-93 rust islolates (Table 2). 
Melampsora sp. inoculations 
In the excised-whole-leaf. experiment, all the clones, except the universal suscept, 
were resistant to M. larici-popiilina. and .1/ medusae (G131-91) from the Pacific Northwest 
(Table 3). The reaction of the clones to the central Iowa .V/. medusae isolate (IL-48) was as 
expected: the universal suscept. and the susceptible parent and progeny were infected by this 
isolate. Again, the resistant parent and progeny were immune to the Iowa isolate. Immunity 
here is defined as resistance without any visible symptoms of attempted penetration or 
infection by the fiangus. 
M. medusae from PNW (G139-91) did not infect the susceptible Iowa P. deltoides 
clones (without Lrd\) suggesting that Lrd\ is different from Mmd\. which renders partial 
resistance to G139-91, and is inherited from the P. trichucarpa parent. 
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It is our opinion that Lrd\ is an excellent candidate for ftjture gene cloning studies to 
further elucidate some aspects of the molecular genetic basis of leaf rust resistance in P. 
deltoides. 
Conclusions 
Leaf rust is the most damaging disease of P. deltoides in north central United States 
causing serious defoliation thus yield loss. As poplars are becoming more economically 
important, the need for clones with tolerance and/or resistance to leaf rust becomes urgent. 
Understanding the rust/poplar pathosystem at the genetic level is crucial to develop an 
integrated approach to leaf-rust management for Populus. 
Plant disease-resistances that are based on single genes are frequently overcome by 
the appearance of new pathogen strains. However, single genes have displayed durability in 
rare instances. For e.xample. the "N" gene from Sicoiiana ^luiinosa rendered durable 
resistance against tobacco mosaic viruses (Culver, et al.. I'^Ql). 
P deltoides clones that carr> Lrd\, have been highly resistant to leaf rust in central 
Iowa over several years. The-leat" rust resistant-male parent (clone 7302801) used in this 
study has shown rust resistance since its selection by the Illinois program in 1974. Similarly, 
the Iowa progeny that carries the Lrd\ gene has been free of rust for three consecutive years 
(1995-97) in central Iowa. However, w hether Lrd\ renders immunity to leaf rust at other 
geographic locations other than central Iowa and Illinois is yet to be determined. 
We have shown that Lrd\ is inherited from P deltoides and imparts high resistance 
(immunity) to pathotypes of .V/ medusae prevalent in central Iowa from 1995-97, and it is 
different from the previously reported \Imd\ gene which is inherited from P. trichocarpa. 
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Table 1. Expected 1:1 ratio and observed number of highly resistant (immune) and 
susceptible Iowa field planted trees from an intraspecific cross between highly resistant 
(immune) and susceptible clones of Populus deltoides to Melampsora medusae 
Number of P. deltoides clones Reaction to Melampsora medusae 
(1995-97 population) 
Hichlv Resistant (Immune) Susceotible 
Observed 207 92 115 
Expected 207 103.5 103.5 
X' = 2.6 (d.f. =I). therefore observed ratio is a 95% goodness of fit to a 1:1 ratio. 
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Table 2. Reaction of P. delioides clones parents, selected progeny and universal suscept (I-
488) to two different Iowa isolates of.Uelampsora medusae under controlled-enviroranental 
conditions (Data include combined whole plant and excised, whole-leaf inoculation results.) 
Poplar Clone Reaction to .V/. Medusae Isolates 
IL-48 D-93 
I 1995-97 ) (1992-93) 
Male Parent (7302801) (P .  de l io ides )  I I 
Female Parent (7300501) (P delioides) S HR 
R943 (P .  de l io ides )  1 I 
R944 (P delioides) I I 
R9421 (P delioides) 1 I i 
R9423 (P .  de l io ides )  I I i 
S947 (P .  de l io ides )  S HR 
S9411 {P delioides) s HR i 
S9412 (P delioides) s HR 
S9434 (P .  de l io ides )  s HR 
Universal Suscept (1-488) (Z' .V s s i 
euramericana) 1 
1= 0 uredia per plant or leat" with no macroscopic reaction. S= one to many uredia per plant or 
leaf, and HR= 0 uredia with macroscopic hypersensiii\e reaction. 
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Table 3. Reaction of parents and selected progeny of Populus delioides to \felampsora 
larici-populina. M. medusae from Pacific Northwest (G131-91) and medusae from central 
Iowa (IL-48) using the excised, whole-leaf inoculation method. 
P. delioides Reaction to 2 .V/e/a/M/75ora spp. and 2 isolates of .Vf. met/uyae | 
clone, except for 
1-488 I 
M. larici-populina XI. medusae 
I PNW ' Iowa 
• Resistant Parent 
I (7302801) . 
I Susceptible - - -
! Parent 
I (7300501) 
^ R943 ^ ^ ^ ! 
R944 
R9421 
R9423 
S947 
S9411 
S94I2 
S9434 
Universal Suscept 
(P .  .X 
euramericana I-
488) 
~ - uredium or uredia are produced; - = no uredium. no macroscopic reaction visible. 
* = Pacific Northwest. 
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CHAPTER 4. BULK SEGREGANT ANALYSIS IDENTIFIES MOLECULAR 
MARKERS LINKED TO MELAMPSORA MEDUSAE RESISTANCE LOCUS IN 
POPULUS DEL TOIDES 
A paper to be submitted to the journal of Phyiopatholog\' 
Gimia M. Tabor Tom Kubisiak . Ned B. Klopfenstein Richard B. Hall 
and Harold S. McNabb. Jr ' " 
Abstract 
In the north central United States, leaf rust caused by \felampsora medusae is a 
serious problem on Populus delioides. Molecular markers linked to plant disease resistance 
loci are instrumental in identifying and characterizing genes involved in disease resistance. 
This study was conducted to find molecular markers that are linked to a .V/. medusae 
resistance locus (Lrd\) identified from an F, Z' dclioides famil\' that segregated 1:1 for M. 
medusae resistance. Resistant and susceptible DNA bulks were constructed after confirming 
field results with e.xcised leaf inoculations. Bulked Segregant .Analysis (BS.A.) was used to 
identify two Random .Amplified Polymorphic DN.A (R,APD) markers that are closely linked 
to Lrd\. Based on the population ot" 1 lb progenies, the genetic distances between the 
markers and the resistance locus v\ere estimated as 1.7 and 7 c.\l. These markers will be 
Departments ofForestn ' and Plant Patholoii>". lo\va State Universit>, Ames. lA. 50011; USDA Forest Service. 
Southern Forest Experiment Station . Saucier. MS. 39574; and Rock\ Mountain Forest Experiment Station^. 
Lincoln, NE, 68583. 
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instrumental in cloning the resistance gene(s) involved in this leaf rust resistance. 
Key words: Intraspecific hybrids. Polymerase chain reaction. Resistance genes, RAPD, 
Lrdl. 
Introduction 
Leaf rust caused by various S/Ielampsora spp. is a major disease on eastern 
cottonwood (Populus delioides Bartr. ex marsh.) and other poplars aroimd the world. In the 
north central United States, leaf rust on eastern cottonwood is caused by Xfelampsora 
medusae Thum (Arthur and Cummins. 1962). a heteroecious macrocyclic fungus that 
produces pycnia and aecia on eastern larch (Larix lancinia [(Du Roi) K. Koch] needles, and 
uredia. telia. and basidia on leaves of P delioides and its hybrids (Arthur and Cummins, 
1962: Ziller. 1965). Infection by leaf rust causes severe defoliation, thereby reducing 
biomass production during the growing season and increasing injurv during the winter. 
Effects of leal'rust on yield \ ar\' among clones, but up to a 60''/o reduction in wood 
production has been reported (Widin and Schipper. 1980). Occasionally, leaf rust causes 
death of both young and mature trees. 
Interest in poplar culture is increasing, mainly, because of their fast growth and ease 
of propagation. ConsequentK , efforts are intensif> ing to breed and select poplars for a 
variety of traits, including leaf rust resistance (Dickman and Stuart, 1983). Tight linkages 
between molecular genetic markers and disease resistance loci can assist disease resistance 
breeding programs because genetic markers can be tracked immediately across generations 
and families. Genetic markers may be valuable in detecting resistance against highly 
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variable biotrophic pathogens such as M. medusae where cuhure maintenance is tedious, and 
repeated culturing of the fungus may result in accumulation of mutations thus change of 
biotype. Genetic markers for disease resistance genes may serve as a starting point for 
efforts to clone these genes, and subsequenth" determine their mode of action at the 
biochemical level. 
For most tree crops, including poplars, classical genetic analysis is not sufficiently 
developed to take full advantage of available marker technologies. However, techniques 
such as bulk segregant analysis (BSA) (Michelmore et al.. 1991) allow poplar breeders to 
identify genetic markers based on minimal classical genetic information (Cervera et al.. 
1996) 
Recently, we demonstrated that leaf rust resistance in a P. deltoides family is 
controlled by a single locus (Lrd\ ) (Tabor et al.. in preparation). Progenies of a cross 
between two P deltoides clones (7302801 X 7300501) segregated 1;1 (resistant:susceptible), 
for resistance to several isolates of M. medusae, indicating that a single locus is involved. 
These two phenotypes e.xhibited distinct resistance classes in that the resistant clones were 
immune, whereas susceptible clones were hea\ iK rusted. We used this segregating family of 
P. deltoides to find molecular markers that are linked lo the M. medusae resistance locus, 
Lrd\. Because this family is an intraspecific cross of/' deltoides. it provides suitable 
material for identifying rust resistance genes that are derived from the co-evolution of P. 
deltoides and A/, medusae. In this paper. \\e report two genetic markers that are linked to the 
leaf rust resistance locus (Lrd\) in an intraspecific family of P. deltoides. 
Materials and Methods 
Plant material 
Previous field experiments revealed that an intraspecific cross between two P. 
deltoides clones. 7302801 (male and rust resistant) and 7300501 (female and rust 
susceptible) produced progenies that segregate 1; 1 for leaf rust resistance (Tabor et al., in 
preparation). Phenotypes of individual clones for BSA were confirmed by excised whole-
leaf inoculation of progeny clones was pertbrmed. Hardwood cuttings were made from a 
total of 118 field-tested clones to produce high quality leaves for the excised leaf assay. All 
of the cuttings were planted in a book-planter in a greenhouse until they produced good shoot 
and root systems. The plants were occasionally cut back to induce robust and uniform shoot 
growth. The 118 clones included 74 clones that were leaf rust resistant under field 
conditions. 42 clones that were leaf-rust susceptible, and each of the two parents of the 
progeny. The number of susceptible clones was less because of their limited smvival after 
two growing seasons. 
Maintenance of Melampsora medusae isolates 
A monouredial isolate of A/, medusae (lL-48) (Tabor, et al.. in preparation) was 
maintained on detached leaves of the universal suscept. Populus X euramericarta (Dode) 
Guirmer cv. 1-488. Detached leaves of the universal suscept were placed, abaxial side up, in 
a petri plate containing moist filter paper soaked with 10 mg/L gibberellin .A3 potassium salt 
(Sigma Co.. St. Louis. MO. USA). Uredia maintained on detached leaves were used to 
inoculate whole plants of the universal suscept to produce large quantities of urediospores on 
whole plants. Just after inoculation, plants were kept in a dark, dew chamber for 12 hr at 20 
C. Subsequently, inoculated plants were kept in a growth chamber, with a 16L:8D 
photoperiod and day and night temparatures of 20 and 18 C, respectively. After 7 days of 
incubation, urediospres were collected on aluminum foil by lightly tapping uredia containing 
leaves to shed the spores. Collected urediospores were used immediately to inoculate 
excised leaves of the test plants. 
Inoculation 
For the excised leaf assay, leaves of the same position on the stem. Leaf Plastochron 
Index (LPI) 7-10 were harvested from the 118 test clones and the universal suscept. After a 
brief rinse with distilled water, each leaf was placed, abaxial side up. in a petri plate 
containing moist filter paper soaked with gibberellic acid (10 mg-'L). Fresh urediospores 
were suspended in distilled water, containing a small amount of Tween 20 to disperse the 
hydrophobic spores, to give a final concentration of ca. 20 urediospores per |il. Ten 20 |j.l 
droplets were applied on the aba.\ial side of each leaf of ever> clone, placing five droplets in 
each side of the leaf mid-rib. .After inoculation, plates were wrapped with parafilm® and 
incubated for 7 days in a growth chamber with 16L: 8D photoperiod and day and night 
temparatiires of 20 and 18 C. respectively. Each clone was replicated three times. 
DNA extraction and sample preparation 
Two grams of young leaf material were harvested from each of the 118 clones and 
ground to fine powder in a pre-chilled. sterile mortar using liquid nitrogen. Ground leaf 
material was placed immediately in 1.5 ml of a pre-heated (60 C) 3% CTAB buffer 
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containing 1.4 M NaCl. 0.2% 2-mercaptoethanol. 20 mM EDTA. 100 mM Tis-HCI (pH 8.0), 
and was incubated for 1 hr at 60 C. The slurry was mixed periodically to ensure uniform 
distribution of the bufTer. After incubation, the slurry was cooled to room temperature before 
adding an equal volume of chloroform; isoamyl alcohol (24:1). After gentle mixing, the 
preparations were centrifuged at 1600 x g for 10 min. The aqueous phase was transferred 
into a sterile tube and re-e.xtracted with an equal volume of chloroform. The aqueous phase 
was transferred to a sterile tube, and 2/3 volume of cold isopropanol was added to precipitate 
nucleic acids. The flocculent nucleic acid was transferred to a microcentrifuge tube using a 
transfer pipet, and briefly centrifuged at low rpm to remove the remaining solvent. The loose 
pellet was washed with wash buffer (76% Ethanol and 10 mM sodium acetate) to remove 
contaminants. The final pellet was resuspended in TE buffer and digested with RNase A (10 
|ig/ml) until the RNA was undetectable by 1 % agarose gel electrophoresis. After RNase 
digestion, the preparations v^ere extracted tvv ice with equal v olumes of chloroform. 
Following transfer of the aqueous phase to a nev\ microcentrifuge tube. 2.5 volumes of cold 
100% ethanol containing 10 mM sodium acetate were added to precipitate the DNA using 
high speed centrifugation. Resulting pellets were washed with 70% ethanol. dried in a speed 
vac. and resuspended in TE buffer for quantification and purit\ analysis. Concentrations of 
DNA extracts from the 118 clones were adjusted to 25 ng/ul. Two DNA bulks, one for leaf-
rust resistant and one for susceptible, were made by mixing equal volumes of DNA solution 
from each often respective clones. DNA from these two bulks and the two parents were 
used for Polymerase Chain Reaction (PCR). A total of 1200 primers were used to screen the 
progeny material. 
PGR and electrophoresis 
For RAPD amplification, oligonucleotide (10-mer) primers were obtained from either 
Operon Technologies (Alameda. Calif.. USA) or J.E. Carlson (Univ. of British Columbia. 
Vancouver. B.C.. Canada). DNA amplification was based on the protocol reported by 
Williams and co-workers (1990). The reaction consisted of the following in 24 jil total 
volume: 6.25 ng of template DNA. 1 ul of primer DNA (5 |iM stock). 3.6 |al ofdNTPs (1 
mM stock). 2.4 )j.l lOX Taq DNA polymerase reaction buffer (500 mM KCl. ICQ mM Tris-
HCl. 1.0% Triton X-100. 15 mM MgC12). and 0.8 units of Taq DNA Polymerase. Reactions 
were loaded in flexible microtitre plates and overlaid with 25 |j.l of mineral oil. Microtitre 
plates were placed in preheated (85 C) programmable temperature cyclers (MJ Research 
PTC-100) and covered with Mylar film. The DNA samples were amplified using the 
following thermal profile: 5 s at 95 C: 1 min 55 s at 92 C; follovved by 45 cycles of 5 s at 95 
C. 55 s at 92 C. 1 min at 35 C. and 9 min ai 72 C. The reactions ended with an indefinite 
hold at 4 C. The completed reactions were electrophoresed in 2% agarose gels and TAE 
buffer (40 mM Tris base. 20 m.Vl sodium acetate. 2.0 mM EDT.A. glacial acetic acid to pH 7. 
2) for approximately 3.5 h at 3 V cm (150 V i. A total of 3.0 ul of loading buffer (lOX TAE. 
50% glycerol. 0.25% bromophenol blue) was added to each reaction prior to electrophoresis. 
After electrophoresis, the gels were stained w ith ethidium bromide (0.4 jig/ml) for 45 min, 
washed in dH^O for 1.0 h. and photographed under UV light using a Polaroid MP-4 camera 
and Polaroid 667 instant film. 
56 
Results and Disscusion 
Results from the inoculation studies of excised leaves were consistent with previous 
field experiments. Clones that were either immune or susceptible in the field were also 
immune or susceptible, respectively, to [L-48 in excised, whole-leaf experiments. This 
consistent result allowed us to make two DNA bulks from clones that are phenotypically 
distinct as rust resistant or susceptible. 
Initial screening of the parents and the two bulks with 1200 primers resulted in 
preliminary identification of 84 primers that seemed to produce polymorphic bands between 
the two bulks. However, when these 84 primers were used to further screen the 116 
individual clones, only 2 of the 84 primers produced bands that were polymorphic to varying 
degrees between the resistant and susceptible clones. One of these two primers. OPG-10 
(Operon technologies. .Alameda. C.A) produced a polymorphic band (OPGIO340) that 
distinguished the resistant from the susceptible parent and progenies (Figure 1). From a total 
population of 116. onl\ two recombinants were observed for this marker. Thus. OPGIO340 is 
very closely linked to LrJ\ and the genetic distance between OPG-10 and Lrd\. estimated 
from population size of 116. is 1 ."7 c.M. Larger population sizes are needed to obtain a better 
es t ima te  o f  the  gene t i c  d i s t ance  be tween  OPG10: ,4 ( i  and  Lrd \ .  
The other primer (OPZ-19) produced a band (OPZNisod) that co-segregated with 
resistance. However, there were eight recombinants to this marker and. based on population 
size of 116. the genetic distance between 0PZ-19|X(M,and LrcJ] was estimated at 
approximately 7 cM. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20 21 22 23 24 25 26 27 28 
Figure 1. A 2% agrose gel showing the results ot PCR amplification with the random primer 
OPG-10 of an Fi family oi' Populus Jclioidas that segregated 1:1 for Melampsora medusae 
resistance. From the left, lanes 1. 10. 28 = 1 kb ladder. 2 resistant parent. 3 susceptible 
parent. 4 resistant bulk. 5 susceptible bulk. 6-9. 11-16 resistant progenies. 17-26 susceptible 
progenies. 27 control (no template DNA). Arrow indicates the marker. OPGIO340. 
\^'e have demonstrated the presence of twci RAPD markers that are linked to leaf-rust 
resistance locus in a P Jchouies famil> . The fact that (OPGlO-.jn) seemed to be tightly 
linked (ca. 1.7 cM) with LrJ\ should facilitate the positional cloning of this gene. Molecular 
markers that are linked to plant disease resistance genes ha\ e been successfully used to clone 
these genes by chromosome walking or landing (.lones ei al.. 19^4; Martin et al., 1993: 
Tanksley et al.. 1995). Similarly. RAPD markers reponed in this paper may be converted to 
RFLP markers for probing \'AC or B.AC" libraries of P dclioides. thereby facilitating the 
cloning of Lrd\ and other genes in\ olved in leaf-rust resistance. 
With a Populus genetic map. based on interspecific hybrid families. 1 cM 
approximately equalled 220kb (Bradshau et al.. 1994). In interspecific hybrids, genetic 
recombinations may be hindered b\ the presence of nonhomologous chromosomal regions, 
and therefore, the estimated physical distance may be larger than what is estimated from the 
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genetic distance. The estimated genetic distance between RAPD marker OPGIO340 and Lrd\ 
is 1.7 cM. and this genetic distance is estimated based on an intraspecific cross, where 
genetic recombination is less likel> to be hindered. Thus, physical distance between RAPD 
marker OPGIO340 and Lrd\ could be even less than 220 Kb unless Lrd\ is located in 
chromosomal regions where recombination is suppressed. 
There has been a report of a locus [\lmd\) involved in .V/. medusae partial resistance. 
This locus was identified from an interspecific hybrid family oi P. delioides X P. trichocarpa 
Torr., and was inherited from the P trichocarpa parent (Newcombe et al.. 1996). Such 
interspecific families may be of limited use for cloning rust resistance genes, because 
manifested resistance could be caused by "exaptions" instead of an evolved resistance 
mechanism (Gould and Vbra. 1982. Newcombe. 1998b). Unlike P. delioides. P. trichocarpa 
is not endemic to the north central U nited States, and therefore may not have been naturally 
selected for .V/. medusae resistance. In addition. Mmd\ imparts only partial-resistance which 
may result in ambiguitv of individual phenotypes. This ambiguity may render Mmd\ 
unsuitable for gene cloning. In contrast, a rust resistant locus that contributes complete 
resistance (Lrd\) in an intraspecific P Jeltoides progeny offers a unique opportunity for 
fiiture resistance gene cloning studies. 
.A.lthough further supporting evidence is needed, recent reports indicate that in some 
interspecific hybrid poplar families, genes tor quantitative rust resistance to Melampsora sp. 
may be found clustered with qualitative resistance (Lefevre et al.. 1998; and Newcombe, 
1998a). If this holds true in P dclioidcs. the cloning of Lrd\ could result in identification of 
other unknown genes that also contribute to leaf-rust resistance in P. delioides. 
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In addition to the commercial potential, the genus PopuJus also serves as a model for 
molecular biology research on woody plants. Thus, any progress toward cloning rust 
resistance genes is a significant step in understanding the highly complex interaction of the 
rust-poplar pathosystem in particular and woody plants in general. 
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CHAPTER 5. GENERAL CONCLUSION 
The objectives of this study were to: 1) understand the pathogenic variability of 
Melampsora medusae in central Iowa; 2) determine the genetic basis of M. medusae 
resistance manifested b\' some clones o\ P Jelioides: and 3) find a molecular marker linked 
to a M. medusae resistance locus identified under objective 2. This project has met the above 
objectives, and established good foundations tor future research in the areas of epidemiolog;y. 
genetics and molecular biology of the poplar'leaf-rust pathosysytem. 
Reports on the pathogenic \ ariahilit\ of A/, medusae in the north central United States 
were lacking, thus our findings were significant steps in understanding populations of M 
medusae in this region. .At least three pathot\ pes of .1/ medusae have occurred in central 
Iowa during 1992-97. These pathotypes are distinguished on the basis of their differential 
reaction to three Populus clones. Pathotypes D-9?. F-93. and IL-48 are compatible with 
clone 1-488 iP X euramencuna) and other hybrid clones of this common cross. F-93 and 
IL-48 also are compatible with clone 57-276 (/' deliouies X P inchocarpa). and IL-48 is 
compatible with clone 7300501 iP dclioidcs i. No M. medusae isolates from central Iowa 
were compatible with clone "^302801 (/' deliouies). Pathotype D-93 was the most abundant 
pathotype found in the 1992-93 grou ing seasons, but it has not been prevalent since 1995. In 
addition, urediospores of D-93 were significant!) smaller in size than urediospores of more 
virulent pathotypes (F-93. IL-48. lL-96. and lL-97). 
The presence of se\eral biot\ pes ot'.V/. medusae has significant effects on the use of 
rust-resistant clones. Histor\ has show n that, when there are different pathotypes of a 
pathogen it is a matter of time before new virulent pathot\ pes increase in the rust population 
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through natural selection by the "resistant" host. Although we have only identified three 
pathotypes. there may be more yet undetected. Rust pathogens are known for their 
pathogenic variability, and poplar rust does not appear to be an exception. 
The use of different gene deployment strategies (Mundt and Browning, 1985) may be 
necessar>' to manage poplar leaf-rust in Iowa. These strategies include: 1) use of poplar 
clones with different resistance genes in a mixture plantation. Different poplar clones have 
different growth characteristics making it difficult to use the multiline" system used in 
managing cereal rusts directly. Instead, planting different clones in a "mosaic" of clonal 
blocks is suggested. 2) A regional gene deployment strategy could be developed if leaf-rust 
of poplars originates only from the north and ad\ ances south or vice-versa. It would require a 
consensus among different poplar growing regions. The strateg\ would involve the use of 
different rust-resistant clones tor different regions; consequently, inoculum produced in one 
region would not ser\e as inoculum in other regions. This strategy, however, currently can 
not be implemented because of the lack ot" information on epidemiology, biology and 
genetics of this pathosystem. At present, the best alternaii\ e in managing leaf rust of poplars 
is the use of clone mixtures with acceptable le\ els ot" quantitative and qualitative resistance. 
In this kind of mixture, clones with quantuaiive resistance ma\ slow the increase of 
pathotypes that infect clones with qualitative resistance. This avoids the strong selective 
pressure present when planting clones with qualitative resistance alone. 
The availability of characterized pathotypes of this pathogen is a valuable tool in 
studying the genetic and molecular basis of rust resistance in P delioides. For instance, the 
presence of a gene-for-gene system is clearly indicated in this pathosytem. To fiirther prove 
its existence, well characterized biotypes are indispensable. 
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The second objective of this project was to determine the genetic basis of rust 
resistance manifested by some clones o\ P deltoides. There has been limited effort to 
understand the mode of inheritance of A/, medusae resistance in P deltoides and its 
intraspecific hybrids. An intraspecific cross was made between a resistant male and 
susceptible female clones to produce Fi progenies (n = 207) in order to determine the mode 
of inheritance of this resistance. The progenies segregated 1:1 for resistance to 1995-97 rust 
population in Iowa. Field results also were confirmed using controlled envirormient 
experiments. Therefore, resistance to this rust population is controlled by a single locus, we 
named Lrd\. The progenies segregated in a pathotype specific manner. .An isolate from an 
earlier. 1992-93. Iowa rust population (D-93). produced resistant and hypersensitive resistant 
reactions respectiveh in the resistant male and susceptible female parent and progenies. This 
indicated that resistance locus (Lrd\ i is pathot\ pe specific, and more loci may be involved in 
M medusae resistance. In addition, the progen> did not segregate to an isolate of M. 
medusae (G139-91) from the Pacific Northwest. This indicates that Lrd\ is different from 
previously described A/, medusae resistance locus that imparts resistance against G139-91 
(Newcombe et al.. 1996). 
Because of the increasing economic importance of poplars, efforts are intensifying to 
understand the molecular basis of .V/. medusae resistance in se\ eral clones of Populus. A M. 
medusae resistance locus {Mmd\) was identified prior to our report oi Lrd\. However, 
Mmdl is identified from an interspecific hybrid where the Mmd\ donor p£U"ent {P. 
trichocarpa) is not endemic to the north central United States whereas M. medusae is. For 
two main reasons, Lrd\ is better research material than \lmd\ to understand the coevolution 
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of M medusae and P. Jelioides: 1) a locus that is identified from a host that has coevolved 
with the pathogen undoubtedly is better research material than a locus that is inherited from a 
parent that has not evolved with the pathogen, and 2) unlike .Umd\. Lrdl. imparts total 
immunity to several pathotypes of .V/. medusae, consequenth there will not be confusion as 
to the phenotypes of clones when segregating progenies are used to estimate genetic 
distances of molecular markers. 
TTie third objective of this project was to llnd molecular markers that are tightly 
linked with Lrd\ so that the markers could be used tor cloning Lrdl by chromosome landing 
or walking. Molecular markers linked to plant disease resistance loci are instrumental in 
identifying and characterizing genes invoKed in disease resistance. Bulked Segregant 
Analysis (BSA) vvas used to identify two Random .Amplified Polymorphic DNA (RAPD) 
markers that are closeh linked to Lrd\. W ith a Popiilus genetic map. based on interspecific 
hybrid families. 1 cM approximately equaled ZOOkb (Bradshaw ei al.. 1994). In interspecific 
hybrids, genetic recombination may be hindered by the presence of nonhomologous 
chromosomal regions, and theretbre. the cstnnated ph\ .sical distance may be larger than what 
is estimated from the genetic distance. The estimated genetic distance between RAPD 
marker OPGIO :,4o and Lrdl is i .7 c.\'I. and this genetic distance is estimated based on an 
intraspecific cross, where genetic recombination is less likel> to be hindered. Thus, physical 
distance between R.A.PD marker OPGKJuu and Lrdl could be even less than 200 Kb unless 
Lrd\ is located in chromosomal regions where recombination is suppressed. 
\ pathotype (IL-48). a corresponding resistance locus {Lrdl). and marker that is 
linked to Lrdl were characterized. These provide the necessary material; 1) to determine the 
presence of gene-for-gene system in the M. medusae/P detioides pathosystem, and 2) to 
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clone Lrd\ and determine the genetic and biochemical mechanisms involved in rust 
resistance. 
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APPENDIX 
NON-PL BLISHABLE FIGL RES FOR CHAPTERS 2 AND 3 
Pictures, not planned to be included when the paper chapters are submitted for 
publication, are presented in this appendix tor the convenience of the readers of the 
dissertation. 
Figure 1. Urediospores of .1/. medusae being maintained on detached leaves of universal 
stoscept 1-488 {P. euramericana ( Dode) Gunier). Excised leaves of 1-488 are placed, 
abaxial side up. on Watman filter paper soaked with 10 mg/L gibberellic acid (A3) 
solution. 
Figure 2. Polymerase chain reaction (PGR) products showng the two ITS regions and 
the 5.8S rRNA gene from 2 species of Melampsora with primers ITS4 and ITS5. Intact 
urediospores provided as template DNA. From the left, lanes I through 6 = M. larxci-
populina\ lanes 7 through 9= M medusae: lane 10 = control (no template); and lane 11 = 
100 bp ladder. 
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Melampsora larici-populina 
GTATAAACCATTACCCCCCAAACCC.\NAGGTGCATTGTGGCCCGTC.-\AAAGGTTAG 
CAGTGTATCAGTACGTATCTCAAAGGCAACTTTGATTTACATTACCCATCATTTACC 
CCCATTTACACrTAAGAAGnTTAAGAATGATAACCATAACTATATAACTTTCAGCA 
ATGGATCTCTAGGCrCTCACGTCGATGAAGAACACAGTGAAATGTGATACGTAATG 
TGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACCTTGCACCmTGGT 
TATTCCGAAAGGTACGCCTGTTTGAATGTCACGAAACCCCCCrCGGCCCrCATTCrT 
TCTAAAAGCATGGGGGACGGATTCTGAGTGTTGGCGTGTCAACGCCTCGCrrCAA 
ATAGATTAGCACTTTTGGATGGTATACTATTAGTTCAAAAGACGTACrTGATGTTGT 
ATTTATATTTCATTGAGCAGTCTTTGGTCGCTCCGACTATCCGCTAATAGGCACTTG 
AAGAATANCTCCTAACCCTATC\ACTTAATTAAGTAATTAATTAATCnTAAACTTCA 
AATCAGGTGGGACTACCCG 
Melampsora medusae 
GTATAAACCATTACCCCCCAAACCCAGAGGTGCATTGTGGCCACGTCAAAAGGTTA 
GCAGTGTATCAGTACGTATCrCAAAGGCAACnTGATTTACATTACCCATCATTTAC 
CCCCATTTACACrTAAGAAGTTTTAAGAATGATAACCATAACrATATAACnTCAGCT 
ATGGATCrCTAGGCTCrCACGTCGATGAAGAACACAGTGAAATGTGATACGTAATG 
TGAATTGCAGAATTCAGTGAATCATCGAATCrTTGAACGCACCTTGCACCTTTTGGT 
TATTCCGAAAGGTACGCCTGTTTGAATGTCACGAAACCCCCCrCGGCCCTCATTCrT 
TCTAAAAGCATGGGGGACGGATTCTGAGTGTTGGCGTGTCAACGCCTCGCTTCAA 
ATAGATTAGCACnTTGGATGGTATACTATTAGTTC\AAAGACGTACTTGATGTTGT 
ATTTATATTTCATTGAGCAGTCTTTGGTCGCTCCGACTATCCGCTAATAGGCACrTG 
.AAGAATANCTCCTAACCCTATCAACTTAATTAAGTAATTAATTAATCTTTAAACrTCA 
AATCAGGTGGGACTACCCG 
Figure 3. Intermal ranscribed spacers and 5.8S regions of the rElNA operon. DNA sequences 
of two Melampsora species obtained from direct sequencing of PCR products. The primers 
used were ITS4 and rrS5 
Figure 4. Progeny from the cross between Populus. deltoides clones (730050IX 
7302801) segregating 1; 1 for Melampsora medusae resistance under field condition. 
Resistant clone (to the right) larger in size than the surrounding susceptible clones. 
Figure 5. Progeny from the cross between Populus deltoides clones (730050IX 
7302801) segregating 1:1 fox Melampsora medusae resistance under field condition. 
Resistant clone (right) with no uredia (immune) and susceptible clone (left) covered with 
uredia. 
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Figure 6. Reaction of the susceptible parent (7300501) and resistant parent (7302801) to 
an isolate of .V/. medusae (IL-48) under controlled environment. 
Figure 7. H\persensiti\ e reaction (left) manifested by the susceptible parent and 
progenies to attempted colonization by an isolate of .W. medusae CD-93). The resistant 
parent (right) and progenies did not show any macroscopic reaction to attempted 
colonization by D-93. 
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Figure 8. Enlarged \ iews of hypersensiti\e reaction. 4 days after inoculation, manifested 
by the susceptible parent and progenies to attempted colonization by an isolate of .V/. 
medusae (D-93). Note red coloration tirst. followed by necrosis of tissues. No uredia 
were produced. 
Figure 9. Hypersensitive reaction. 10 days after inoculation, manifested by the 
susceptible parent and proaenies to attempted colonization by an isolate of .1/ medusae 
(D-93). 
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